Introduction {#Sec1}
============

Wildlife diseases may represent a potential threat not only to local wildlife populations but also to domestic animals and humans. Various studies have been carried out to analyse the prevalence of pathogens in wild boar populations and the role of these populations as reservoir for pathogens or a source of infection for domestic pigs. Not only viral and bacterial agents have been diagnosed in European wild boars (e.g. Markowska-Daniel and Pejsak [@CR32]; Albina et al. [@CR1]; Gortázar et al. [@CR15]; Vicente et al. [@CR51], [@CR52]; Lipowski [@CR29]; Jacobson et al. [@CR16]; Vengust et al. [@CR49], [@CR50]; Bonilauri et al. [@CR2]; Dezorzova-Tomanova et al. [@CR9]; Ruiz-Fons et al. [@CR40], [@CR41]; Martínez et al. [@CR33]; Kaci et al. [@CR18]; De Deus et al. [@CR5]) but also parasites (e.g. Takacs [@CR47]; De-la-Muela et al. [@CR6]; Fernandez-de-Mera et al. [@CR11]). Normally, the prevalence rates of infections in European wild boar (*Sus scrofa* L.) correlate with the population density of the animals. During the last decades, populations have increased not only in Germany (Lutz and Wurm [@CR30]; Kaden [@CR19]; Gethöffer et al. [@CR14]) but also in other European countries (Sáez-Royuela and Terilería [@CR43]). This development is one of the reasons why wild boars may become a more important potential reservoir for different infectious pathogens.

In Germany, several studies have been carried out to analyse the presence of different pathogens in wild boar populations. So far, the role of infected wild boars as a potential reservoir for pathogens or a source of infection for domestic pigs has been analysed in detail for classical swine fever virus (CSFV; Dedek et al. [@CR7]; Dahle et al. [@CR4]; Kaden et al. [@CR21]; Oslage et al. [@CR37]; Lutz and Wurm [@CR30]; Kern et al. [@CR26]; Fritzemeier et al. [@CR12]; Schlüter and Kramer [@CR44]). Furthermore, serological investigations in individual wild boar populations in Germany have revealed the presence of different other viral agents, e.g. Aujeszky's disease virus (ADV, pseudorabies virus; Dedek et al. [@CR7]; Dahle et al. [@CR4]; Oslage et al. [@CR37]; Lutz and Wurm [@CR30]; Müller et al. [@CR35], [@CR36]; Kaden and Müller [@CR20]; Lutz et al. [@CR31]), porcine reproductive and respiratory syndrome virus (PRRSV; Oslage et al. [@CR37]), porcine circovirus type 2 (Schulze et al. [@CR46]; Knell et al. [@CR27]), porcine parvovirus (PPV; Dedek et al. [@CR7]; Liebermann et al. [@CR28]; Lutz and Wurm [@CR30]), swine influenza virus (SIV; Dedek et al. [@CR7], [@CR8]; Polley et al. [@CR38]; Kaden et al. [@CR25]), bovine viral diarrhoea virus (Dahle et al. [@CR4]; Schmitt and Wittkowski [@CR45]) and hepatitis E virus (Kaci et al. [@CR18]).

Within the framework of studies on the oral vaccination of wild boars against CSF in Germany (Kaden et al. [@CR22]), sera were collected for serological investigations on the presence of CSFV. The objective of this study was to retrospectively assess the occurrence of infections with ADV, PRRSV, PPV, SIV, porcine respiratory coronavirus (PRCV), and transmissible gastroenteritis virus (TGEV) in wild boar populations of different vaccination areas.

Materials and methods {#Sec2}
=====================

Investigation areas and collection of blood samples {#Sec3}
---------------------------------------------------

The samples were collected from wild boars bagged in five German Bundeslaender (federal states; Fig. [1](#Fig1){ref-type="fig"}) within the last decade. Altogether, 1,221 blood samples collected at different time points were investigated: in Mecklenburg--Western Pomerania, samples had been collected during the main hunting season in 1997/1998 (*n* = 120) and in 2000/2001 (*n* = 322), in Saxony--Anhalt in 2001/2002 (*n* = 254), in Baden--Wuerttemberg in 2001/2002 (*n* = 159), in Brandenburg in 2004/2005 (*n* = 166), and in Rhineland--Palatinate in 2005 (*n* = 200). Fig. 1Sampling areas (*grey*) vs areas with oral vaccination against CSF

Blood samples for the serological survey were taken by hunters from the pericardium or the thoracic cavity immediately after the animals had been shot. The samples were sent to the local veterinary diagnostic laboratories of the Bundeslaender or to the Friedrich-Loeffler-Institut (samples from Mecklenburg--Western Pomerania) where they were centrifuged at 3,000 to 3,500 rpm, and the sera were stored at −20°C until use. All samples were collected year-round in areas where oral immunisation against CSF was carried out. However, most of them were taken during the main hunting seasons (from October to February). The samples were derived from animals of the following age classes: 35.9% from young wild boars (≤1 year old), 45.9% from sub-adults (\>1 to 2 years) and 11% from adults (\>2 years old); 7.2% of the collected sera could not be assigned to a specific age class.

Serological investigations {#Sec4}
--------------------------

Commercially available enzyme linked immunosorbent assays were used in accordance with the manufacturers' instructions for screening of antibodies to the following viruses: ADV (CHEKIT Aujeszky, IDEXX Laboratories/Bommeli Diagnostics, Liebefeld-Bern, Switzerland), PRCV and TGEV (INGELVAC® TGEV/PRCV-Diagnostikum, Boehringer Ingelheim Vetmedica GmbH, Ingelheim, Germany), PRRSV (PRRSV Antibody Test Kit, IDEXX Laboratories, Ludwigsburg, Germany) and PPV (INGELVAC® PPV-Diagnostikum, Boehringer Ingelheim Vetmedica GmbH, Ingelheim, Germany). In contrast, the sera were tested for antibodies to SIV using the hemagglutination inhibition (HI) test based on a slightly modified standard protocol of the Office International des Epizooties (OIE Diagnostic Manual, <http://www.oie.int/eng/normes/mmanual/A_00137.htm>). These sera were checked for antibodies to SIV H1N1, H1N2 and H3N2 as described by Kaden et al. ([@CR25]). Serum dilutions of 1:10 to 1:2,560 were tested and sera with no activity at a dilution of 1:20 were considered to be negative for antibodies in the HI test.

Statistical analysis {#Sec5}
--------------------

The statistical analysis was carried out with the statistic programme SigmaStat 3.0 (SPSS Science Software Gmb, Erkrath, Germany) using the Mann--Whitney Rank Sum Test. The significance level was set at *p*  *= *0.05.

Results {#Sec6}
=======

Antibodies to all investigated viruses were detected in the wild boar populations of the various Bundeslaender (Table [1](#Tab1){ref-type="table"}). Exceptions were Mecklenburg--Western Pomerania, where the samples tested negative for antibodies to TGEV and SIV during the hunting season 1997/1998, and Baden-Wuerttemberg, where no antibodies to TGEV were found. The seroprevalence rates varied more or less among pathogens and individual populations. The highest seroprevalence rate was detected for PPV (64.28%) followed by ADV (11.26%), PRCV (7.87%), SIV (7.84%) PRRSV (3.82%) and TGEV (1.59%). The highest PPV seroprevalence rate was detected in Mecklenburg--Western Pomerania in 1997/1998 (78%), the lowest in Baden--Wuerttemberg with 17.61%. The percentage of serum samples with antibodies to ADV was relatively low to moderately high, ranging from 5.91% (Saxonay--Anhalt) to 18.01% (Mecklenburg--Western Pomerania). Table [2](#Tab2){ref-type="table"} indicates the number of serologically positive wild boars per age class and pathogen. In general, the proportion of seropositive animals was significantly higher in older wild boars (\>1 year old) than in the juveniles (\<1 year old) except for wild boars with antibodies to TGEV. Table 1Summarised results of the serological investigationsBundesland (federal state)Period of investigationNumber of animals investigatedSerologically positive samples per random samplePPVADVTGEVPRCVPRRSVSIVMecklenburg--Western Pomerania1997/9812078/10013/990/1002/100nt0/1202000/01322231/32258/3222/3211/32211/322ntBrandenburg2004/0516696/16626/1665/1663/1663/1663/120Saxony--Anhalt2001/02254156/25415/2546/25265/25225/25410/120Baden--Wuerttemberg2001/0215928/15911/1590/15617/1552/15921/81Rhineland--Palatinate2005200139/20012/1996/1991/1991/20010/120Total1997--20051,221772/1,201135/1,19919/1,19494/1,194ne44/5612000--20051,101694/1,101132/1,10019/1,09492/1,09442/1,10144/441*nt* not tested, *ne* not evaluable Table 2Number of serologically positive wild boars by age classesAgeNumber of animals with antibodies againstPPVADVTGEVPRCVPRRSVSIV≤1 year old15526712710\>1 to 2 years old342489462525\>2 years old2135822367Unknown62311342Total772 (64.28%)135 (11.26%)19 (1.59%)94 (7.87%)42 (3.82%)44 (7.84%)

Discussion {#Sec7}
==========

Consequent pathogen surveillance in wildlife may provide an effective epidemiological overview which allows to assess the risk of infection and of a spread of agents within the wild boar populations as well as from this wildlife species to domestic pigs and, in case of zoonotic agents, also to humans. Therefore, continuous serological monitoring of wild boar populations is of national and international interest. The present investigations support these intentions and were performed with the aim to retrospectively examine the epidemiological situation with regard to various pathogens (ADV, PRRSV, PPV, SIV, PRCV and TGEV) in selected wild boar populations over different years in Germany. Except for ADV, these viruses have recently caused economically important infectious viral diseases in our domestic pig herds.

As expected, antibodies to all six viruses were found in the investigated populations, however, with differences between the individual populations. It is not surprising that PPV is widespread in our wild boar populations (seroprevalence rate: 64.28%), and that its seroprevalence rate differs significantly from those of the other viruses tested. Most animals tested positive for PPV were derived from Mecklenburg--Western Pomerania. Our findings correspond to those established in this Bundesland in the 1980s (Dedek et al. [@CR7]; Liebermann et al. [@CR28]) as well as to data previously established in North Rhine--Westphalia (Lutz and Wurm [@CR30]), in Lower Saxony and in Rhineland--Palatinate (Gethöffer et al. [@CR14]). These high PPV specific seroprevalence rates in Germany also agree with findings in other European wild boar populations (Roić et al. [@CR39]; Ruiz-Fons et al. [@CR40]; Vengust et al. [@CR50]). Although Vicente et al. ([@CR51]) found large differences between the PPV seroprevalence rates in local Spanish wild boar populations, our serosurvey for Germany does not generally confirm this, only in Baden-Wuerttemberg the PPV seroprevalence was lower than in the other populations tested. Despite the high PPV seroprevalence in German wild boars, this agent does not seem to have a negative influence on the reproduction rate of wild sows as determined in Mecklenburg--Western Pomerania (Kaden et al. [@CR23]) as well as in Lower Saxony and Rhineland--Palatinate (Gethöffer et al. [@CR14]).

The second highest seroprevalence rate (averaged 11.26%) was found for ADV. Generally, the differences in the seroprevalence rates between the Bundeslaender were lower than for PPV. The proportion of wild boars with antibodies to ADV (15.66%), which were shot in the eastern part of Brandenburg during the hunting season 2004/2005, corresponds well with previous findings from 1995 (Müller et al. [@CR34]). As the investigation areas were largely identical, the findings suggest a stable epidemiological situation. In contrast to these results in Eastern Brandenburg, Oslage et al. ([@CR37]) found a very low seroprevelance (0.9%) in Western Brandenburg. This underlines the differences in the epidemiological situation in this Bundesland. Whereas the seroprevalence rates for ADV generally were on the same level in Mecklenburg--Western Pomerania and Brandenburg, the proportion of antibody-positive wild boars in Saxony--Anhalt (5.91%), Baden--Wuerttemberg (6.92%) and Rhineland--Palatinate (6.03%) was significantly lower (*p* \> 0.05). In the 1990s, a similar seroprevalence rate (7%) was found in North Rhine--Westphalia (Lutz and Wurm [@CR30]), whereas investigations in Lower Saxony showed a very low ADV prevalence of between 1.7% and 0% in wild boars (Dahle et al. [@CR4]; Gethöffer et al. [@CR14]). The latter authors found 26% of the wild boars in the Eifel region, Rhineland--Palatinate, to be antibody-positive to ADV, the investigations in the Pfalz region (Palatine Forest) showed a negative result (*n* = 27). These findings do not correspond with our experiences in the Pfalz region. We suppose that the higher sampling rate in our study better reflects the epidemiological situation in this population. Considerably higher percentages of seropositive wild boars were detected in other European wild boar populations, e.g. between 36% (Vicente et al. [@CR51]) and 60.6% (Ruiz-Fons et al. [@CR40]) in Spain, 26--31% in Slovenia (Vengust et al. [@CR49], [@CR50]), 54.54% in Croatia (Župančič et al. [@CR53]) and 55% in Macedonia (Gagrčin et al. [@CR13]). In contrast, the proportion of wild boars seropositive to ADV seems to be relatively low in The Netherlands (Cromwijk [@CR3]; Elbers et al. [@CR10]).

Although coronaviruses, especially TGEV and PRCV, are important pathogens in commercial pig farms worldwide, only little is known on the epidemiological situation in European wild boars. In Slovenia, Vengust et al. ([@CR50]) found no antibodies against TGEV in wild boars; however, 3% of the investigated samples were seropositive to PRCV. A sero-surveillance study in feral pigs in the USA (Saliki et al. [@CR42]) also was negative for TGEV. Our serosurvey underlines that the occurrence of TGEV (1.59% antibody-positive animals) was generally lower than that of PRCV (7.87%) in the investigated wild boar populations. None of the animals derived from Baden--Wuerttemberg (investigation period 2001/2002) and Mecklenburg--Western Pomerania (bagged in 1997/1998) had antibodies against TGEV. These findings in Mecklenburg--Western Pomerania are inconsistent with those established in 2000/01 which showed a very low seroprevalence (0.6% animals with antibodies). The PRCV seroprevalence rates in Saxony--Anhalt (25.8%) and in Baden--Wuerttemberg (11%) were significantly higher than the TGEV seroprevalences in both Bundeslaender. At present, it is not possible to assess the reason for this relatively high seroprevalence rate for PRCV in Saxony--Anhalt. As PRCV infections in pig farms do not play an important role in this region (Tyrpe, pers. communication), livestock does not seem to be the source of infection for the wild boar population of Saxony--Anhalt. Hence, further investigations should be carried out with the aim to evaluate the development of the epidemiological situation regarding PRCV in the population including a risk assessment for wild boars and domestic pig farms.

The low proportion of wild boars with antibodies against PRRSV in this study generally corresponds with previous serological investigations in Brandenburg, Saxony--Anhalt, North Rhine--Westphalia, Lower Saxony and Rhineland--Palatinate (Oslage et al. [@CR37]; Lutz and Wurm [@CR30]; Gethöffer et al. [@CR14]). Interestingly, a relative high proportion (9.84%) of wild boars with antibodies against PRRSV was found in Saxony--Anhalt. As PRRSV is widespread in pig herds, a spread of this virus from domestic pigs to wild boar cannot be excluded. Virus transmission from livestock to wild boar can take place by different routes. The main sources presumably are infected manure and slurry as well as kitchen waste (feeding of animal waste is banned in the EU) as the un-enveloped PRRSV shows a high tenacity and survives in the environment for a relative long time. Direct contacts between infected domestic pigs and wildlife are supposed to be very rare. In contrast to our findings, wild boars were found to be free from antibodies to PRRSV in some European countries, e.g. in Spain (Vicente et al. [@CR51]; Ruiz-Fons et al. [@CR40]), in Croatia (Župančič et al. [@CR53]) and in Slovenia (Vengust et al. [@CR50]). Likewise low seroprevalence rates were reported by Albina et al. ([@CR1]) in French wild boars. Infections with this *Arterivirus* also occur in Italy (Bonilauri et al. [@CR2]).

Antibodies against SIV (on average 7.84%) were found in wild boars of all investigated areas except for Mecklenburg--Western Pomerania in 1997/1998. Unfortunately, no investigations could be carried out with blood samples collected in this Bundesland in 2000/2001 as no sufficient material was available. However, an SIV serosurvey performed in Mecklenburg--Western Pomerania in 2005/2006 (Kaden et al. [@CR25]) revealed a low infection rate of wild boars (3.1%). In our investigation areas, only antibodies to SIV subtypes H1N1 and H3N2 were detected. The results obtained in Mecklenburg--Western Pomerania in 2005/2006 correspond to those previously reported by Dedek et al. ([@CR8]). The seroprevalence rates in the other Bundeslaender presented here showed large differences, ranging between 2.5% in Brandenburg and 25.93% in Baden--Wuerttemberg. The high proportion of seropositive animals in Baden--Wuerttemberg cannot be explained at the moment. Our investigations indicate that especially SIV subtypes H1N1 and H3N2 are circulating in the population with a dominance of subtype H1N1 which is also predominant in domestic pigs in Europe (Van Reeth [@CR48]). However, antibodies against all three SIV subtypes may occur in European wild boars (summarised by Ruiz-Fons et al. [@CR41]).

Antibodies against the tested viruses were present in animals of all age classes. As expected, the seroprevalences generally were higher in the older animals (\>1 year old) except those for TGEV. We can only speculate on the origin of antibodies in the juveniles (≤1 year old) as we do not have any information on the precise age of these wild boar piglets. Based on the experiences with other diseases, it must be assumed that the antibodies of serologically positive juveniles (wild boar piglets) are of maternal origin during the first 3 to 4 months of life; later on, they are induced by natural infection. However, maternal antibodies to PPV may obviously persist longer, i.e. for up to 6 months (Johnson et al. [@CR17]).

In conclusion, our study shows that PPV, ADV, TGEV, PRCV, PRRSV and SIV are present in German wild boar populations. The detected seroprevalence rates of most pathogens were relatively low, except that of PPV. The high seroprevalence of PPV suggests an endemic status of this virus in our wild boar populations. As PPV is widespread in European wild boars and domestic pigs, no risk emanates from wild boars at present. Independently of this assessment, wild boars may generally act as a reservoir for pathogens and as a source of infection for domestic pigs. However, it is important to recognise that virus transmission between wildlife and domestic animals is not a one-way street. For example, wild boars may also become infected indirectly or directly through infected pigs. To assess the real epidemiological situation in wildlife and the risk of disease for wild boars and livestock, effective and science-based disease monitoring programmes in wild boars must be carried out, especially for economically important and notifiable agents that may affect wild boars and domestic pigs as well as humans. These surveillance programmes should not only analyse prevalences of pathogens but also include wildlife-biological parameters and management strategies as well as the molecular--biological characterization of pathogens circulating in wild boars and domestic pigs. The latter might become important for the evaluation of the epidemiological process. Based on the experiences with CSF control in wild boar populations (Kaden et al. [@CR24]) and the risk of an introduction of new or re-emerging diseases to Europe, as e.g. African swine fever which just now circulates in domestic pigs, free-range backyard pigs and/or in wild boars in Armenia, Georgia and Russia ([www.oie.int](http://www.oie.int)), surveillance should include the whole territory of a country and should be carried out continuously, that is year-round.
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